Objective: We analyzed the Epstein-Barr nuclear antigen 2 (EBNA2) gene, which contains the most variable region of the viral genome, in persons with multiple sclerosis (MS) and control subjects to verify whether virus genetic variants are involved in disease development.
Despite converging evidence supporting an etiologic role for Epstein-Barr virus (EBV) in multiple sclerosis (MS), we still do not know through which mechanisms the virus may contribute to disease development. 1 The potential pathogenic role of EBV genetic variants in MS may be in keeping with epidemiologic observations, in particular the geographic gradient of MS and the change in MS risk in migrants, 2 and with the reported association between virus genetic variants and EBV-related malignancies with different geographic distribution. [3] [4] [5] Also, the discrepancy between the global diffusion of EBV infection and the low prevalence of MS could be at least in part explained by EBV genomic diversity that differently affects MS development.
Major methodologic difficulties hinder the study of EBV variants through sequencing of the whole viral genome. To date, only 8 complete genome sequences have been described: 5 from patients with EBV-related diseases and 3 from healthy individuals. 6 This is mainly attributable to the low frequency of EBV-infected B cells in peripheral blood (2-10 infected cells per million B cells, values that do not differ significantly between healthy individuals and patients with MS). 7 To disclose possible MS-related EBV strains, various groups have followed a candidate-gene approach. [8] [9] [10] [11] [12] [13] [14] Along the same line, we chose to investigate EBV variability in MS by studying Epstein-Barr nuclear antigen 2 (EBNA2). EBNA2 is, in principle, the best candidate for this kind of study because it is the most polymorphic among all EBV genes: 5 major alleles of the EBV type 1 strain, the most frequent strain in the general Caucasian population, 15 have been identified based on nucleotide variations within the most variable region of EBNA2, which is also involved in the interaction with host proteins. 16 The possibility that genetic variations in this region might have functional consequences prompted us to investigate the association between EBNA2 variants and MS in a population from continental Italy.
METHODS Subjects and samples. Blood samples (40 mL) were obtained from 53 patients with MS (50 with a relapsingremitting and 3 with a progressive form of disease) 17 and matched (age, sex, and geographic origin) healthy donors (HDs). At the same time point, patients underwent gadolinium-enhanced MRI.
Peripheral blood mononuclear cells (PBMCs) were obtained by density centrifugation over Ficoll-Hypaque according to standard procedure. PBMCs were stained with anti-human CD19 antibodies (Miltenyi Biotec, Bergisch Gladbach, Germany) and B cells were purified using magnetic bead separation in accordance with the manufacturer's recommended protocol. The final number of CD191 cells was approximately 4 million, depending on the number of circulating B cells in every subject. Genomic DNA was extracted from PBMCs, CD191 B cells, EBV-positive (B95-8) and EBV-negative (BJAB) cell lines using a commercial kit (QIAamp DNA mini kit; Qiagen, Venlo, the Netherlands).
Standard protocol approvals, registrations, and patient consents. The local institutional review board approved the study and all participating subjects gave written informed consent.
Sanger sequencing. All DNA samples were analyzed by a seminested PCR approach using EBNA2 type-specific primers 15 that amplify a region of 500 base pairs (bp) within the coding sequence of the gene. We used Hot Start Taq polymerases (KAPA2G Robust [Kapa Biosystems, Wilmington, MA; Resnova S.r.l., Genzano di Roma, Italy] for the first run, and FastStart [Roche Molecular Biochemicals, Mannheim, Germany] for the second run) for PCR reactions. All PCR products were checked for their length in a gel electrophoresis on 3% agarose gel and assayed by Sanger sequencing analysis.
The sequences were aligned with the ClustalW2 multiple sequence alignment program (www.ebi.ac.uk/Tools/msa/clustalw2/) with default settings, and the variants were considered when there was a deviation from the published GD1 (National Center for Biotechnology Information [NCBI] accession number AY961628) and B95. 8 (NCBI accession number NC_007605) EBV prototype. Recently, Tierney et al. 15 identified allele-specific changes (1.2, 1.3A, 1.3B, and 1.3E) relative to the B95.8 sequence (defined as allele 1.1) by sequencing the coding region corresponding to nucleotides 488-667. In the present work, a larger coding sequence of EBNA2, encompassing nucleotides 402-800, was analyzed (table 1).
EBNA2 amplicon deep-sequencing and analysis. We generated amplicon sequences of the EBNA2 gene from 17 patients and 17 HDs (analyzing one sample for each subject) through the Illumina MiSeq platform from template DNA obtained using a multistep PCR and the Illumina Nextera strategy (Illumina, Inc., San Diego, CA).
The identification of EBNA2 variants, using as reference the complete human herpesvirus 4 genome strain B95-8 (NC_007605), was performed using REDItools on quality-filtered sequences. 18 The viral allele assignment of both amplicon and Sanger EBNA2 sequences was performed using a methodology implemented in a python script (available on request). Further details on the EBNA2 amplicon deep sequencing and analysis can be found in appendix e-1 on the Neurology ® Web site at Neurology.org.
Human leucocyte antigen typing. Human leukocyte antigen (HLA) typing of Class I HLA-A, HLA-B, and HLA-Cw and Class II DRB1 loci was performed by standard sequencespecific primer PCR, 19 using Histo Type DNA well plates (BAG; Formedic Diagnostici, Milan, Italy) according to the manufacturer's instructions. Detection of the alleles recognized by the specific primers 
a Nucleotide positions of the EBNA2 gene (amino acid positions are in parentheses). b Newly detected variants.
was possible after amplification in a GeneAmp PCR 9700 thermocycler (Applied Biosystems, Foster City, CA) and gel electrophoresis on 2% agarose gel. The HLA genotypes together with EBV genotypes are reported in table e-1 for individuals with a complete HLA genotyping at all analyzed HLA loci (33 healthy controls and 38 patients with MS, a random subset of the entire sample).
Statistical analysis.
Fisher exact test and odds ratios (ORs) were calculated using the GraphPad Prism 5 program (GraphPad Software, La Jolla, CA) to compare the proportion of variants in all patients vs HDs. We used a Bayesian Network 20 classifier that was configured to use a simple estimator with a 5 0.5 and K2 as internal search algorithm. The variables used to train the classifier were the sex, the strain, the 13 position reads (aa134, aa163, aa165, aa185, aa196, aa198, aa204, aaINS 211/212, aa223, aa236, aa245, aa256, aa267), and whether each was a mutation with respect to the strain or not. The final model used to generate the receiver operating characteristic (ROC) utilized in ensemble all these variables and assigned different weights to each one of them. Area under the curve (AUC) significance level (p value) was computed using the method described in the DeLong & DeLong algorithm as difference from the null hypothesis, i.e., AUC 5 0.5.
ROC curves and the AUC were then computed to quantify the predictive potential of EBNA2 genotyping as marker of disease status.
RESULTS
We obtained blood samples from 91 patients and 56 HDs matched for age, sex, ethnicity, and geographic origin. Although we may consider all patients with MS and most HD subjects as EBV-infected, 21 the rate of successful EBNA2 genotyping was lower than 100% and comparable between the 2 groups: 53 of 91 (58%) in patients and 38 of 56 (67%) in HDs. The mean age of patients was 36.7 6 9.8 years and HDs was 37.5 6 9.6 years; the male to female ratio was 13 to 40 in patients and 11 to 27 in controls. The clinical characteristics of patients are summarized in table e-2 (most of them were free of disease-modifying therapies [42/53] and were sampled in a stable phase of disease [40/53] ). Seven patients and 3 HDs were analyzed at different time points (1-12 months apart); of these, 2 patients and 1 HD were infected with different EBV strains at different time points. By considering each sampling as an independent observation, we analyzed a total of 108 blood samples (66 in patients with MS and 42 in HDs).
We found a significant difference in the distribution of EBV alleles between patients with MS and HDs: the 1.2 allele was predominant in patients, while the 1.3B allele prevailed in controls (table 2) . In addition to the variants identified within the EBNA2 region corresponding to the B95.8 coordinates 36,671-36,911 (nucleotides 456-696 of the EBNA2 coding sequence), our analysis unveiled previously undetected variants at nucleotides 402, 708, 733, 766, and 800 (table 1). While the variant at position 766 was present in alleles 1.2, 1.3B, and GD1, without differences between patients and controls, the other 4 variants were associated with the 1.2 alleles and thus significantly correlated to MS status (tables 3 and e-1). The risk of disease development was significantly higher in carriers of the 1.2 alleles (OR 5 5.13; 95% confidence interval [CI] 1.84-14.32; p 5 0.016) and variants (especially at amino acid 245, OR 5 9.4; 95% CI 1.19-78.72; p 5 0.0123), while the presence of 1.3B alleles appeared to be protective (OR 5 0.23; 95% CI 0.08-0.51; p 5 0.0006). To verify the consistency of EBNA2 genotyping data, we implemented a Bayesian Network classifier that was trainable and then testable for its predictive capability on our dataset. The potential of EBV genetic variants to predict MS status was assessed using ROC analysis; the AUC value was 0.715, with a significant difference from null hypothesis (p , 0.001) (figure 1), indicating moderate accuracy of the identified variants in discriminating between patients and HDs.
To investigate the occurrence and the extent of intraindividual genotype variability within subjects with where the minor allele frequency was $5% and fold coverage $50. In all cases, the consensus sequence deriving from deep sequencing coincided with the one determined by Sanger sequencing, confirming the cosegregation of newly identified variants with the known EBNA2 alleles. We also found one or more variable positions in all HDs (1-17) and individuals with MS (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . For all couples of variants lying on the same read (coverage $50), the hypothesis of independent segregation, indicative of random sequencing errors, was rejected through a x 2 test (p , 0.05), thus supporting the coexistence of different genotypes. Overall, a slightly higher prevalence of variant positions was detected in MS with respect to HDs, with an average value per individual of 10.1 and 7.4, respectively. This finding suggests a marginally significant higher occurrence of coexisting alleles, possibly deriving from multiple infections or quasi-speciation, in MS (figure 2) than in HDs (figure 2; t test p , 0.1). 15, 22 None of the rarer variants identified with the deep-sequencing approach were associated with MS or healthy status. We found no correlation between EBV genotypes and clinical characteristics of patients, except for a trend toward lower disease duration in subjects bearing the 1.2 allele. We did not find any correlation between genetic variants of EBV and HLA haplotypes (including those known to be associated with MS) 23 of the donors. The HLA frequencies were not significantly different between individuals bearing the 1.2 or the 1.3 EBV alleles, with the exception of a nominally significant higher positivity for A2*0201 (p 5 0.025), Cw4*04 (p 5 0.04), and DRB1*011 (p 5 0.03) alleles among 1.3 EBV-positive individuals, whose nominal p values did not withstand the correction for multiple comparisons (table e-1). DISCUSSION In a study that controls for HLA haplotype and clinical/MRI features, we show that the MS status correlates with an excess of EBNA2 1.2 and a defect of 1.3B alleles. Moreover, patients are more likely to harbor newly identified 1.2 allele-related variants, particularly at amino acid position 245. Previous studies on a possible association between EBV genotypes and MS generated mixed results, including the following: no association with EBNA6, EBNA1, and latent membrane protein, or EBNA2 9-12 ; "marginally different frequencies" for tegument protein BRRF2 and EBNA1 13 ; more frequent EBNA2 type 1 and 2 coinfection in patients than in healthy subjects 14 ; and a broader range of genetic variants in children with MS in the context of an increased rate of EBV reactivation. 15 Different patterns of EBV genetic variations in different geographic regions could account for inconsistencies, as suggested by the different geographic distributions of EBV-related malignancies. [3] [4] [5] By investigating a region of EBNA2 that previous studies in MS cohorts did not investigate, we have detected MS-associated EBV genetic variations that are stronger than those previously reported and seem to be independent of the donors' HLA haplotype.
Apart from the predictive potential of EBNA2 variants, the likelihood that these variants may induce functional consequences, possibly contributing to disease etiology, deserves consideration. In a virus that is not prone to mutations, 24 new variants are more likely to have a functional impact. There are only 2 major types of EBV (type 1 and 2), which appear to be identical over the bulk of the genome but show allelic polymorphism in a subset of latent genes: EBNA-LP, EBNA2, EBNA3A, EBNA3B, and EBNA3C. 24 In particular, the 2 EBV types share 64% of the nucleotide sequence and 53% of the predicted amino acid sequence of EBNA2, and EBNA2 sequence mutations are known to affect interaction with host proteins. 25 We studied the most polymorphic region of EBNA2, where the nucleotide sequence divergence between type 1 and type 2 resides, and found a higher than expected number of new variants, as assessed using a conventional sequencing method and confirmed by next-generation sequencing. The extent of genotype intraindividual variability proved to be high in both patients and controls with a greater occurrence of coexisting alleles in patients, possibly accounted for by the known higher rate of EBV reactivation in MS. 26, 27 Our study demonstrates the appropriateness of deep-sequencing platforms to investigate patterns of genetic variation of a virus that latently infects peripheral blood cells at a very low frequency. Next-generation sequencing proved to be sensitive to such an extent that when used to study the EBV genotype in immune infiltrates microdissected from postmortem brain samples of a patient with secondary progressive MS (see appendix e-1), it allowed identification of a sequence of the EBNA2 allele 1.1 and related variants (table e-3) that was not detected using a conventional sequencing method. It is plausible that in the near future, deep-sequencing platforms will provide a solution to the controversy on the presence and pathologic significance of a deregulated EBV infection in the MS brain. 28 Viral genotype variants are crucial for the outcome of host-virus interactions. The polymorphisms we found in the EBNA2 gene may have functional consequences as supported by recent data showing that a single amino acid in EBNA2 determines superior B lymphoblastoid cell line growth maintenance. 29 The allelic variants we described may affect the host-virus interplay at different levels: (1) the same region is involved in interactions with cellular proteins such as Nur77 30 and SMARCB1 31 that have been associated with MS susceptibility 32 and antiviral responses 33 ;
(2) the gene region we investigated is important for successful strategies of EBV immune evasion 34, 35 ; (3) last, but not least, the EBNA2 messenger RNA, where we found MS-related variants, belongs to the targetome of human micro-RNAs that may serve to keep in check EBV infection. 36 MS may resemble other immune-mediated diseases in which infectious agents are thought to have a key role. For example, enterovirus strains, through persistent infection of pancreatic beta cells, may trigger type 1 diabetes mellitus in susceptible hosts. 37 The murine norovirus strain CR6 that establishes persistent infection in mice, but not the nonpersistent strain CW3, contributes to a phenotype of Crohn disease in mice bearing the risk allele of the autophagy gene ATG16L1. 38 Finally, distinct hepatitis C virus genotypes are known to affect the clinical outcome (clearance/persistence) and the response to therapy through differential induction of interferoninducible genes and signaling pathways. 39 The present work shows that the reported associations between viral variants and other immune-mediated diseases may also be true for MS, through variants with a potentially functional impact on the host. These results may be complementary to our recent studies showing that a portion of the genetic predisposition to MS may be attributable to variants in genes that interact with EBV. 40 Specifically, EBNA2 binding motifs were found to be significantly enriched in genomic intervals associated with MS (Ricigliano et al., unpublished), suggesting that a complex interplay between both host and viral genetic variants may contribute to disease development. Besides EBNA2, it cannot be excluded that additional regions of the complex EBV genome may be relevant as well. 
